The culture conditions found to result in stable proliferation of normal rat hepatocytes are: (i) subconfluent cell densities; (ii) serum-free medium; (Wi) hormonally defined medium containing epidermal growth factor, insulin, glucagon, prolactin, and other growth factors; and (iv) substrata of liver extracellular matrix depleted of growth inhibitors. Serum was found deleterious to parenchymal cells: it was inhibitory to the expression of liver-specific functions, cytostatic to parenchymal cells at all seeding densities, and cytotoxic to them at low seeding densities. These studies emphasize the relevance of synergies in the influences of hormones and extracellular matrix in regulating hepatocellular physiology.
Past efforts to produce long-term proliferation of adult hepatocytes in culture have met with limited success (1) (2) (3) (4) (5) (6) (7) (8) . The impasse was overcome by use of medium supplemented with autologous serum from partially hepatectomized animals (9) . In this study, we present our efforts to replace serum altogether with defined conditions permitting growth of normal parenchymal cells. Prior studies have found that these include soluble factors (1, 2, 8, 9) and collagenous substrata (10) (11) (12) (13) . Using the methods of Sato and his associates (14) , we developed a serum-free hormonally defined medium (DM) for proliferation of normal parenchymal cells derived from one developed for rat hepatoma cells (15) . A variety of forms of extracellular matrix were tested in combination with the DM. Our studies revealed that sustained growth of parenchymal cells for more than a week can indeed be achieved by culture conditions that incorporate specific hormones and matrix substrata.
MATERIALS AND METHODS Animals. Sprague-Dawley rats (200-250 g) were purchased from Marland Farms, maintained under standard conditions, and used for preparation of hepatocytes and biomatrix.
Preparation of Cells. Rat hepatocytes were prepared by the procedure of Berry and Friend (16) , using the perfusion mixture of Leffert et al. (17) .
Culture Conditions. Media. Hepatocytes were cultured in RPMI 1640 (GIBCO) supplemented with penicillin at 100 units/ml and streptomycin at 100 ,glml (and, for the first day of culture, Fungizone at 250 ,ug/ml). This medium was supplemented with 10% fetal bovine serum (GIBCO) to produce serum-supplemented medium (SSM), or with a defined mixture of trace elements, hormones, and growth factors (Table  1) to produce DM. A third test medium consisted of a combination of the SSM and the hormonally supplemented medium (SSM/DM).
Substrata. Cells were plated on one of the following substrata: (i) Tissue culture plastic. Sixty-millimeter tissue culture dishes (Falcon). (ii) Type I collagen gels. Sixty-millimeter tissue culture dishes (Falcon) were coated with type I collagen gels prepared from rat tail tendons (10) . (ifi) Normal rat liver biomatrix. Livers from normal Sprague-Dawley rats were utilized to prepare biomatrix by the methods of Reid (12) . The biomatrix was pulverized into a fine powder with a Spex-Mill liquid nitrogen pulverizer (Spex-Mills, Metuchen, NJ), thickly smeared onto 60-mm Petri dishes (Falcon) and then sterilized by 'y irradiation (cesium-135) at 10,000 rads (100 grays). Just before use, the plates were rinsed with serum-free RPMI 1640 medium supplemented with penicillin at 200 units/ml and streptomycin at 200 pug/ml. (iv) Rat regenerating liver biomatrix. Five days after partial hepatectomy (18) , livers were used for biomatrix preparation (12) . (v) Normal rat liver biomatrix prepared by low-salt extraction. Biomatrix from normal rat liver was prepared by extracting the tissue with 1.0 M NaCl and omitting the initial wash in distilled water, prepared as described (11) .
Morphological Studies. Cultures of hepatocytes were plated under various conditions and maintained for 1-2 weeks. They were examined by using a Nikon inverted phase-contrast microscope. Cultures were evaluated by a number of investigators independently. Representative cultures were selected and photographed with phase-contrast microscopy.
[3H]Thymidine Incorporation. At 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. treatments totalling up to 45 min or longer, approximately 80% of the cells could be detached from biomatrix substrata and were still viable. An increase in DNA content could be compared, therefore, with cell numbers to ascertain if the culture conditions permitted cell division or nuclear division without cytoplasmic division.
DNA Measurement. Cells were scraped in phosphate-buffered saline from triplicate dishes and somcated, and DNA was measured by a fluorometric method (20) . On tissue culture plastic, growth curves were plotted by adding DNA from cells lost through detachment into the medium to DNA from cells scraped off the substratum. On biomatrix substrata, there was no loss of cells due to detachment, and growth curves were plotted as DNA content of attached cells.
RNA Blot Analysis. Cells (3.2 x 106) were plated on 150-mm dishes and grown for 7 days under the culture conditions specified. In each of three experiments, cells were pooled from 3-10 dishes per culture condition. Dishes were washed twice with 40 ml of cold phosphate-buffered saline. The cells were removed with a rubber policeman, washed twice in 50 ml of cold phosphate-buffered saline, and pelleted, and total RNA was isolated by using the guanidinium/hot phenol method of Feramisco et al. (21) . RNA samples were resolved by electrophoresis through 1% agarose submerged slab denaturing gels. RNA was transferred to GeneScreen (New England Nuclear) and then prehybridized and hybridized according to method II in the GeneScreen instruction manual. The cDNA clones complementary to specific mRNAs were radioactively labeled by nick-translation as described by Rigby et al. (22) (Fig. 1 a and b) . In DM, cells were solitary or in groups of two to four; after 7 days, sheets and balls of uniformly parenchymal cell-like cells developed (see Fig. 1C (Fig. 1 d-f) .
[3H]Thymidine Incorporation. On tissue culture plastic and with the DM, [3H]thymidine incorporation increased dramatically by day 3 and was sustained at high levels throughout the 2-week culture period (Fig. 2) (1.0 M) DM P 6.5 9.0 ND Normal rat liver cells were plated as specified and cultured for 1 week with daily medium changes. Every day, a set of plates was used for assessment of labeled thymidine uptake, DNA content, and cell number. On day 7, some cultures were photographed for evaluation of cell type by morphology. At various time points (days 3, 5, 7, and 14), cultures were utilized to ascertain the mRNA species by RNA blot hybridization analyses. On tissue culture plastic in all media tested, the cells tended to detach, causing a significant cell loss over the time of the experiment. There was no significant cell loss on either collagenous or biomatrix substrata. On type I collagen gels, the cultures contained mostly multinucleated cells. *P. parenchymal cells; NP, nonparenchymal cells. The cell type(s) in the cultures were determined by the functions expressed in terms of the steady-state levels of mRNA for liver or parenchymalspecific functions (albumin, a1-antitrypsin) as opposed to common gene (a-tubulin, 18-actin) functions found in both parenchymal and nonparenchymal cells.
tPresented as ratios of results on day 3 to those on day 1 ([3H]thymidine uptake) or those on day 7 to those on day 1 (DNA, cell counts). ND, not determined.
a small but significant peak of uptake occurred on day 3 but not thereafter. On substrata of normal rat liver biomatrix,
[3H]thymidine uptake was not significant with any media (Table 2 ). However, uptake of label was observed with cells in DM and SSM/DM and on regenerating rat liver biomatrix and low-salt-extracted normal rat liver biomatrix. The highest levels were seen with cells in DM and the low-salt-extracted normal rat liver biomatrix (Table 2) . On type I collagen gels, uptake was highest on day 3 and there was little uptake thereafter ( 1.0 M salt-extracted, cell counts increased substantially during 2 weeks of culture. Although counts of viable cells from biomatrix provided evidence of cell growth, accurate assessment of growth rates could not be made due to the difficulty in enzymatically detaching cells. Therefore, growth curves on the various forms of biomatrix were obtained from DNA content. However, by comparing the increase in DNA content of the cultures with cell numbers released from biomatrix substrata with prolonged enzymatic treatments, it was clear that the increases in DNA content observed in cultures on biomatrix substrata were due to complete cell division.
DNA Content. Cells cultured on tissue culture plastic showed significant increase in DNA content in all media tested; the greatest increase occurred with DM (Table 2) . Cultures on collagen and biomatrix substrata when plated in SSM or SSM/DM also showed increased DNA content. In DM, DNA increased in cultures plated on type I collagen, regenerating rat liver biomatrix, or low-salt-extracted normal rat liver biomatrix but not in those plated on normal rat liver biomatrix (Table 2) .
RNA Blot Hybridization Analysis of Cultured Cells. To ascertain which cell types were present in the cultures, RNA blot hybridization analysis was used to measure steady-state levels of mRNAs for known liver-specific and "housekeeping" or obligate functions (such as /3-actin or a-tubulin, found in all cell types). This assay, which detects very low levels of gene expression, proved to be effective for these studies, because cultures had to be plated at low seeding densities to stimulate cell growth. The small numbers of cells per dish precluded assessment of liver-specific functions by most standard assays. The mRNAs for liver-specific functions (albumin, a1-antitrypsin) were abundant in the liver, while mRNAs for housekeeping functions such as 3-actin synthesis were expressed at low levels (Fig. 3, lanes 1) . Primary cultures of hepatocytes grown on tissue culture plastic for 7 days in either SSM or SSM/DM showed a significant reduction in liver-specific functions and an augmentation of housekeeping functions (Fig. 3, lanes 2 and 4) . The loss of liver-specific functions was greater in SSM (albumin mRNA was undetectable) than in SSM/DM after 7 days of culture. If the cultures were maintained for 2 weeks, the liver-specific functions were lost altogether (or at least not detectable by this assay) but the housekeeping functions were retained.
The mRNAs for housekeeping functions (,-actin and a-tubulin) were most abundant in cells grown in SSM. By contrast, the mRNAs for liver-specific functions (shown are albumin and a1-antitrypsin) were most abundant in cells cultured in DM (Fig. 3, lane 3 were maintained at levels almost equivalent to those in vivo for 1-2 weeks (longer experiments were not done). Thus, serum, even in the presence of the hormones of the DM, inhibited the expression of liver-specific functions, was mitogenic for nonparenchymal cells, and was cytostatic, cytotoxic, or both to parenchymal cells. This inhibitory influence of serum supplements was lessened when cells were plated onto collagenous or biomatrix substrata. Even at the end of 2 weeks, when surviving cultures on tissue culture plastic and in SSM or SSM/DM showed no liver-specific functions by RNA blot hybridization, cultures plated onto collagen gels or biomatrix substrata and in SSM or SSM/DM showed evidence of liver-specific functions, albeit less than found on the same substrata and in DM.
DISCUSSION
Serum supplements are thought to support survival and growth of cells in culture by providing an appropriate hormonal and nutritional environment (14) . However, some cell types, especially epithelial cells, cannot be cultured in serum-containing medium. This may be due to a deficiency in components essential for survival and proliferation or the presence of inhibitors or toxic factors in serum (9, 14) . In a mixed cell culture, serum selects for cell types that thrive on factors contained in serum, such as platelet-derived growth factor, which is mitogenically active on mesenchymal cells, and selects against cell types for which serum is inadequate, inhibitory, or toxic.
We compared hepatocyte proliferation in vitro by using either a hormonally defined medium (DM), described in Table 1, or serum-supplemented medium (SSM). The constituents and their concentrations in the final DM for the hepatocytes were determined empirically, although the studies were guided by past investigations on liver mitogens (1, 2, 8, 9) . The DM resulted in selection for functional hepatocytes under all substratum conditions as shown morphologically and by RNA blot hybridization analysis for albumin, a1-antitrypsin, and other liver-specific functions. In serum-supplemented medium, nonparenchymal cells predominated when cultures were grown on tissue culture plastic and were at numbers equivalent to or greater than parenchymal cells in cultures on collagen gels or biomatrix. In a mixture of defined medium and serum (SSM/DM), nonparenchymal cells were still selected over parenchymal cells, although the parenchymal cells were present in larger numbers than observed with SSM.
Supplementation with fetal bovine serum was found to be cytostatic to rat hepatocytes at all seeding densities and inhibited proliferation even in the presence of hormones found to be mitogenic for hepatocytes. Serum supplements were most inhibitory to expression of liver-specific functions in cultures seeded at low density on tissue culture plastic, somewhat less so in cultures seeded at high density on tissue culture plastic, and least so in cultures seeded at any density onto collagen gels or biomatrix substrata. These observations could explain the findings of Leffert and co-workers (3-6) and Reid (12) that dense cultures (106 or more cells per 60-mm dish) of hepatocytes in SSM express known liverspecific proteins, especially if cultured on biomatrix substrata. Thus, the degree of influence of SSM on cell survival and function was affected by cell number and by type of substratum. However, in general, for any substratum, use of SSM or SSM/DM resulted in selection for nonparenchymal cells and a reduction in liver-specific functions, whereas use of DM selected for parenchymal cells and sustained liver-specific functions.
Although past studies of liver cultures have shown proliferation in vitro, it is likely that any cell growth in cultures with SSM was due entirely or predominantly to nonparenchymal cells (1-7) with the exception of those studies in 1414 Cell Biology: Enat et aL which autologous serum was used (9) . In this regard, only the study by McGowan et al. (8) used a serum-free medium supplemented with hormones, and only in this study was it established which population of cells was undergoing mitogenic activity.
The DM was essential in selecting for parenchymal cells and stimulating their growth. However, it did not maintain cell attachment to tissue culture plastic during cell division. Maintenance of stable, proliferating cultures of hepatocytes depended on substrata, especially certain forms of extracellular matrix. The biomatrix prepared with 3.4 M NaCl extraction from normal rat livers did not permit proliferation of hepatocytes in DM. Proliferation was observed with biomatrix substrata prepared by 3.4 M NaCl extraction of regenerating rat liver or from normal rat liver biomatrix prepared with 1.0 M NaCl extraction. The critical distinctions in these extracts of extracellular matrix are not yet known.
Hepatocellular proliferation is regulated both by a specific hormonal milieu and by extracellular matrix deficient in asyet-unidentified growth inhibitors. Serum, at least nonautologous serum, appears to be deleterious to parenchymal cells: it is inhibitory to the expression of liver-specific functions, cytostatic to parenchymal cells at all seeding densities, and cytotoxic to them at low seeding densities. The adverse effects of serum are the probable causes of past difficulties in trying to establish proliferating cultures of parenchymal cells by using classical culture conditions.
